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Abstract

In this work, a procedure for growing conductive boron-doped diamond layers on (110) orientated
single crystal diamond using microwave plasma chemical vapour deposition (CVD) was found using
a forward microwave power of 1.35kW, a pressure of 100 Torr, a temperature of 1090°C, a [CH,4]/[H;]
ratio of 1% and a [BoHg]/[CH4] ratio of 667 ppm. These layers were examined with scanning electron
microscopy to find a growth rate of 1.5 umh~!. A boron doped layer sample from this recipe along
with another hot filament CVD grown sample was then topped with an unintenionally doped diamond
intrinsic layer. These structures were then metallised with a nichrome/gold bilayer contact on the
exposed boron doped layer and a aluminium/gold bilayer contact on the intrinsic layer. This formed
a psuedo vertical Schottky device which was characterised as not possessing a rectifying nature.
Reasons for this were then explored such as poor contact-diamond adhesion, the diode possessing a
smaller than expected Schottky barrier height, the I-V probes piercing the contacts or the depletion
region width being too small to block carriers.
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Chapter 1

Introduction to Diamond
power devices and their
Growth

Diamond is an astounding material. It
possesses the greatest hardness of all known
materials, exceptional thermal conductivity,
strong hardness to radiation [2], a large
dielectric breakdown strength and very high
carrier mobility [1, 3]. For electronic purposes
it is importantly a wide band-gap material with
established methods for p-type doping and has
found a strong position within electrochemistry
[4] and power device applications [3].

One such use for diamond is within a beta
voltaic device. By impinging diamond based
Schottky diodes with energetic electrons
from beta minus radiation, the ionising
radiation leaves electron hole pairs within the
semiconductor. These can then traverse the
bandgap and can be collected, providing a
current [5]. The present issue is that, currently,
produced devices rely on an external radiation
source or a layered semiconductor-radiation
source structure, possibly more hazardous and
less than ideal for bulk adsorption [5]. To
remedy this, a method for growing diodes with

radioisotopes implanted such as C-14 or tritium
is required. Doing so requires a full process for
producing grown Schottky diodes which forms
the subject of this dissertation.

Diamond based diodes may also find uses
elsewhere: the high thermal conductivity serves
as a great advantage in high performance
computing, where removal of heat from key
processing components is important for their
longevity and efficiency [6]. Diodes and
component layers can also find uses in cold
cathode field emission displays [7], solar panels
[8], radiation sensors [9] and temperature
probes [10].

1.1 Project Specifications

For the application of beta voltaic devices, 2
main criteria must be met:

* The device as a whole must possess a low
series resistance.

By reducing series resistance, less energy is lost
to heat within the device, which is undesirable
for a battery.

* The device should have good rectifying
character.

Rectification is key to power applications; it
simply wouldn’t be a diode without it. This will
maximise the current produced by the device,
another desirable characteristic.

The following sections detail the initial design
process for the device with respect to these
conditions.

Material Silicon | 4H-SiC GaN Ga203 Diamond AIN
Band gap / eV 1.1 33 34 4.9 55 6.1
Critical electric field / MV cm™~! 0.3 2.8 3.5 8 7.7 to 20 10
RT mobility of holes / cm? V—1 s~1 480 120 <100 N/A 2100 (bulk) 14
Thermal Conductivity / W m~! K~! 150 370 100 to 253 | 11 to 27 | 2200 to 2400 | 253 to 319
Relative permittivity 11.8 9.8 9 9.9 55 8.5

Table 1: Electrical properties of wide and ultra wide band gap materials compared to diamond, in
order of band gap size. Notice the large thermal conductivity and hole mobility at room temperature
(RT) along with the critical electric field strength that diamond possesses versus the other materials.
Sourced from Donato et al. and Umezawa et al. [1, 2]




1.2 How To Grow a Diamond

Diamond growth for most of history has been
the realm of the extreme conditions available
deep within the Earth’s mantle: temperatures
over 1000°C, pressures in excess of 10 GPa
and a time scale over billions of years [11].
Obviously, such conditions would be difficult
to recreate in a lab so other methods must be
examined.
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Figure 1.1:  Phase diagram of carbon,
attribution:  Trackler (talk) 13:05, 18 July

2010 (UTC), Public domain, via Wikimedia
Commons

1.2.1 High Pressure, High Temperature

Diamond Growth

A significantly important method that is instead
used is high pressure, high temperature (HPHT)
diamond growth. In HPHT growth, diamond
seeds and a carbon source are placed into a
press and are heated to 1300 to 1600°C with
a solvent metal or flux made from iron, nickel
and/or cobalt [12]. The solvent acts to lower
the temperatures required for diamond growth.
The solvent metal will then melt, dissolving
the hotter carbon source and transporting it
to the colder diamond seeds where it will
then precipitate onto them to form the HPHT
diamonds [12]. This process can take days
or weeks to complete [13]. This results in
high purity and low crystalline defect density
substrates but is limited to less than 1 cm? in
most devices [14]. The process is, however,

expensive compared to the next category for
thin films [15].
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Figure 1.2: Diagram of a typical belt press
HPHT cell, attribution: User:Hinonbey, Public
domain, via Wikimedia Commons

1.2.2 Chemical Vapour Deposition
Diamond Growth Categories

Alternative to this are the chemical vapour
deposition (CVD) techniques such as hot
filament (HF), microwave plasma (MW),
direct current (DC), radiofrequency (RF), laser
induced (LI) and chemical activation (CA) [16].
Most important to work in the diamond lab are
HF, MW and DC CVD techniques.

All these techniques follow a similar pattern of
operation:

1. Pumping of reactant gases into a
chamber with the substrate (usually a
methane/hydrogen mix plus, other gases).

2. Activating these gases through a technique
specific means.

3. Adjusting growth parameters (the source
gas ratios, substrate temperature etc.).

Key to the operation of CVD diamond growth
is step 2, activating the source gases, and most
important to this is the role of hydrogen (and/or
oxygen) [17]. Activated hydrogen takes on 3
roles: firstly, it terminates the “dangling” bonds



of the carbon atoms on the surface. Next,
it can cleave apart neutral molecules such as
the methane or CH bonds on the surface to
produce reactive radicals. Finally, the hydrogen
acts to prevent the formation of graphite on
the substrate [16]. This property is due to the
etching rate of atomic hydrogen being much
greater on sp> hybridised graphitic carbon than
on diamond like sp® carbons. Overall, this
gives a good selectivity for only the growth of
diamond under the right conditions.

The following sections examine the methods
of activation with the most relevance to the
equipment in the diamond lab.

1.2.3 Hot Filament CVD

In this method, a filament is strongly heated
at a distance a few millimetres away from
the substrate on a cooled stage. In [18], Lai
et al. wuses a filament temperature between
1700 and 2000°C with a filament to substrate
distance of 2 to 4 mm for example, though
hotter set ups can be found such as in Manawi
et al. [19]. These high temperatures lead to
the activation of atomic hydrogen in the gas
mixture, kick-starting growth. This process has
a three main drawbacks being contamination
from the filament, and its degradation, and the
low growth rate between 1 and 10 umh~! [16].
However, the technique is relativly inexpensive
to setup, provides high quality diamond layers
and can operate over very large areas up to
100,000 mm? [16].

1.2.4 Direct Current plasma jet
CVD

Under this method, the source gases are passed
between two electrodes. A voltage is applied
between the electrodes, and charge carriers
are accelerated between them. Initially, only
a small current travels the gap, ionising gas
molecules through impact ionisation. With
increasing voltage over the striking voltage,
a plasma begins forming and increasing in
size. When the plasma has covered the whole
electrode and the voltage is further increased,
the electrode will heat up. This begins thermal
emission of charge carriers, eventually leading

to an arc discharge, characterised by high
current and low voltage. This arc discharge
acts as a plasma “jet” for deposition[16, 20].
DC plasma jet CVD has a middling growth
area at 100-10000s of mm? and possibly the
fastest linear growth speed with a record at 930
umh~! [21]. The system is generally used to
produce large (20 cm diameter) high quality,
free-standing diamond films. However, this
comes at the cost of an expensive chamber,
risk of contamination from the electrodes, low
control and very high power consumption [16].

1.2.5 Microwave Plasma Assissted
CVD

Another method of striking a plasma for
activation is to use electromagnetic waves.
Initially, photons will impinge the neutral
gas mixture in the chamber at microwave
frequencies, heating it slightly due to dielectric
heating and multiphoton absorption [16, 22].
By tuning the frequency to a factor of
10 less than the resonant frequency of the
molecule vibration/rotation (chosen to increase
penetration depth [22]) the adsorption can
increase the energy of the molecules and,
eventually, ionise them. Once ionised, new
mechanisms become available such as free-free
absorption and ohmic heating. A ball of plasma
can now be formed above the sample through
careful design of the chamber dimensions [16].

Figure 1.3: Photograph of the boron chamber
during a growth run

MW CVD offers comparable maximum



deposition areas to DC and HF CVD with
very high diamond layer quality. The system
possesses an intermediate growth rate from 0.1

to 34 umh~! and an intermediate running cost
as well [16].

1.2.6 Evaluating diamond growth
methods against requirements

Comparing the methods to the requirements
yield a few obvious conclusions: HPHT would
be unsuitable for this project. It’s expensive and
time intensive procedure would not yield results
in the required time frame, though previously
grown HPHT diamonds can serve as good
substrates for growth. The three outlined CVD
methods all provide acceptable avenues for the
project however the intermediate growth rate
and cost of MW CVD along with its superb
quality films appears to be most useful for the
growth. A useful comparison for the results
however would be between these systems, so a
HF CVD will be examined as well.

1.3 Designing a Diode

Diamond is a semiconductor possessing a very
wide band gap and as such exhibits useful
electronic properties. The following sections
provide detail into semiconductor materials,
doping and diode structure.

1.3.1 Semiconductor materials and
doping

Semiconductors are materials where the Fermi
level, the energy to add one electron to the bulk,
lies in a region between energy bands, lying
above the valence band (VB) and below the
conduction band (CB) [23]. For very small
band gap semiconductors, thermal excitation
can take electrons from the VB to the CB,
though for wider band gap materials, this isn’t
possible [23]. Semiconductor materials can be
doped with heteroatoms to change the relative
position of the Fermi level with respect to the
VB and CB [23]. By introducing an impurity
with less valence electrons, such as boron for
a carbon semiconductor, a new acceptor (hole)

energy levels can be introduced, moving the
Fermi energy very close to the VB. This allows
for conduction of electrons to the new acceptor
levels [24]. This is p-type doping. There
is likewise a similar case for n-type doping,
adding an impurity with more valence electrons
to create donor levels near to the CB [23].

Covalent
bond

Silicon
valence
electrons

Boron .
atom Void

Figure 1.4: Diagram illustrating boron
doping of, in this case, silicon. Boron has 1
less valence electron so contributes a hole.
Attribution: Michel Bakni, CC BY-SA 4.0
https://creativecommons.org/licenses/by-
sa/4.0, via Wikimedia Commons

When two semiconductor materials are
placed in contact with one another, their
chemical potentials or Fermi levels will
equalise, but this causes the CB and VB to
bend, producing a built-in potential. This can
be viewed through the creation of a depletion
region [24]. Mobile carriers will travel from one
side to the other, electrons filling holes and vice
versa, creating a region of filled holes on one
side and removed electrons on the other near the
interface [24] .

1.3.2 PN and Schottky diodes

The depletion region will form an electric field
at equilibrium with the filled holes giving a net
negative charge on one side and the removed
electrons a net positive on the other side. This
region will inhibit further electron transport and
current, unless the applied potential difference



acts to assist them across the gap. The
reverse direction will increase the field strength
across the depletion region, further inhibiting
current. This provides the key effect of diodes,
rectification, the process of only allowing
charge to flow in one direction across the
device. This process in best illustrated in PN
junctions, the combination of a p-type doped
material with an n-type doped material. Here,
if the applied voltage goes from the P to the N
side, electrons will travel from the N side to the
P side, reducing the depletion region. But, in
the opposite case, electrons will attempt to flow
into the N type region, contributing to a greater
opposing field in the device [24].
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Figure 1.5: Diagram of a non-ideal I-V curve of
a diode, attribution: Brews ohare, CC BY-SA
3.0  https://creativecommons.org/licenses/by-
sa/3.0, via Wikimedia Commons

This likewise can occur in metal-
semiconductor  junctions. For p-type
semiconductors, the work function of the metal
(the energy required to remove an electron from
the bulk to vacuum) must be less than the work
function of the semiconductor for a rectifying
junction to form [24]. The opposite holds for n-
type materials. Following the same fermi level
rule as before at equilibrium yields a depletion
region in the semiconductor near the interface.
This creates a so called Schottky barrier, an
energy barrier to cross from one side to the
other. For p-type-metal junctions, the forward
direction for electrons is from the metal to the
semiconductor (with the potential difference
applied the other way) and the opposite for

n-type junctions. For p-type materials, the
barrier height is found as the band gap of
the semiconductor plus its electron affinity
(the energy to add one electron from vacuum
to the CB) minus the metal work function.
For n-type it’s given as the work function of
the metal minus the electron affinity of the
semiconductor. To create a full diode with a
Schottky junction, it is key to have one contact
on the device be ohmic, as in not fulfilling
the condition for a Schottky junction [24].
Generally, this is achieved by using different
metals on either contact.

Semicon.

Figure 1.6: Band diagram of a Schottky
junction forming a barrier, attribution: Nanite,
CCO0, via Wikimedia Commons

This means that when designing a Schottky
diode, several variables must be tracked.
Doping, crystallographic orientation and
surface atoms present can all affect the work
function of the semiconductor. A note here
is that the Schottky barrier height may be
independant of the metal work function such
as during Fermi level pinning where the surface
states dominate [24].

1.3.3 Crystallographic orientation

Diamond as a crystal assumes a face-centred
cubic (FCC) lattice structure with a basis of
two carbon atoms per site. This tetrahedrally,
tight-bonded structure gives rise to many
of the exceptional physical properties of



diamond [25]. Crystals may be cleaved along
planes of high symmetry, denoted by Miller
indices (hkl) where h,k, are the reciprocal
of the plane’s intersection with the x,y,z axes
respectively. Through cleaving, a surface is
formed, described by a net. The surface net
structure is important as it can require different
growth conditions to other possible surface
structures alongside its affect on the work
function [25].

With the growth of single crystal CVD
diamond, the orientation of the substrate should
remain the dominant direction of the grown
layers, with some facets forming at the edges
and corners with different directions [26]

Figure 1.7:
available for the diodes. They are 3mm by 6mm
(110) HPHT diamond chips from Element-6.

Photograph of the substrates

For this work, the specifications called for
sample dimensions only available in (110)
orientated substrates so this orientation formed
the base of the diode. (110) orientated diamond
surfaces are shown to possess higher C-H bond
densities compared to other directions, leading
to higher sheet carrier densities and thus lower
sheet resistance [27].

1.3.4 Considerations with CVD
growth requirements

One requirement of the diode device is the
ability to dope layers with donor or acceptor
dopants. In the case of diamond, boron is a
widely used dopant to achieve a p-type layer
[28, 29] and can be introduced in a gas, such
as diborane, into the reaction mixture. N-type
diamond on the other hand has been a long
running problem for research. Commonly used
donor dopants can distort the lattice or possess
donor levels too deep for good performance at
room temperature [30]. This means only p-type
diamond is truly feasible for this project, so
the diode must be of Schottky design. Boron
doping does present some issues however.
The boron source gas, diborane, reacts readily
with oxygen to form solid boric oxides [31].
The produced solid generally appears as a
white powder and can cause problems, such as
blockages, if formed within the gas pipes. This
is mitigated using a long, coiled length of pipe
before the line connects to the reactor to prevent
formation of the solid near the gas board and to
localise formation to an easy to access section
of pipe. Boron will also cling and stick to the
reactor chamber walls between runs, meaning
that chambers that have done one boron run
are now contaminated with the material. This
can lead to unintentional doping of materials,
though this can be used for the creation of very
lightly doped layers as well [32].

CVD growth of single crystal diamond is
homoepitaxial , carbon atoms are “placed” layer
by layer onto a substrate [26]. This means any
diode structure must be constructed in a vertical
format, with the original substrate as a base
for non-free standing films. This leaves pseudo
vertical Schottky barrier diode structures as the
most viable compared to the alternative vertical
structure. In this design, the conductive, doped
p-type layer (p-layer) is first deposited over the
surface of the substrate. Then a section towards
the end of the device is masked off, and the,
very lightly doped, intrinsic layer (i-layer) is
grown only to cover the remaining area [29, 28].
With both layers in place, an ohmic contact
can be deposited on the exposed section of the
p-layer and a Schottky contact on the i-layer.



Such contact deposition can be done using a
metal evaporator.

1.3.5 Finalising the Diode Design

With all this in mind, contact metals can be
chosen. For the Schottky contact, aluminium
and gold are popular choices as both regularly
present a Schottky barrier equal to or greater
than 1 eV for p-type, oxygen terminated
diamond [33, 34]. There is a caveat however
that little research has been done into the
particular case of oxygen terminated (110)
orientated boron doped diamond. This is further
complicated by oxygen terminations possessing
two main arrangements, ketone and ether ,
on the diamond surface, both with different
electron affinities [35]. Diamond is well known
to possess a negative electron affinity under
certain conditions [36, 37], it’s possible that
the Schottky barrier height may be significantly
reduced by this. However, generally oxygen
terminations lead to an increase in electron
affinity[37].

Previous work in the diamond lab utilising
aluminium/gold contacts have also utilised a
nichrome/gold ohmic contacts, owing to the
barrier asymmetry and thus built in voltage they
would produce [34].

Figure 1.8: Example diagram of the psuedo
vertical diode structure. Layer darkness denotes
desired doping level with the darkest layer (the
p-layer) being the most doped.

The thickness of the layers is important
for tuning electrical characteristics. A wider
p-layer will have a lower length-ways end
to end resistance, a wider i-layer could give
a greater break-down voltage for the device.
Targeting specific layer thicknesses is difficult
as there was no procedure for growing on (110)
orientated diamond initially, so no growth rate

analysis had yet been conducted. The metal
contacts only need to be thick enough for probes
to be placed onto them for I-V measurements,
10 nm of metal followed by 100 nm of gold was
proposed to achieve this.

1.4 Using the
System

Microwave

The first goal of the project was to synthesise
and characterise diamond films grown on single
crystal diamond substrates. Most useful to the
diode project would be working towards highly
boron doped, conductive layers. The HF reactor
in the diamond lab is already able to produce
layers with length-ways end to end resistance
of around 600 (). This level serves as a goal
for MW grown samples to allow for direct
comparison between diodes constructed out of
either method.

Operation of the microwave system went as
follows :

1. The chamber was brought to room
pressure by opening the venting valve and
the stage lowered.

2. A spacer wire of experiment specific
thickness was placed into the centre of
the chamber followed by a molybdenum
substrate holder.

3. The substrate is then placed centrally on
top of the holder and necessary masks put
in place.

4. The stage is raised, and the system roughly
pumped down followed by activating the
turbopump to bring the system down to
vacuum. Water and air cooling is activated.

5. The mass flow controllers for the desired
input gases are then set with their valves
open on the gas board. Hydrogen is flowed
into the chamber at around 50 Torr.

6. Microwave power is then set to 4.7 kW
and switched on, sometimes the plasma is
successfully struck just above the sample
here.



(a) If struck in a different location,
switch off the apparatus and try
again.

(b) If no plasma is struck, adjust the
tuning knobs until a plasma is struck.

7. Bring the reflected power to approximately
0 using the tuning knobs.

8. Switch on the other MFCs and bring
the chamber pressure and power up to
experiment conditions, keeping an eye on
the plasma so it does not extinguish.

9. Observe the reactor for the required
experiment time.

10. Switch off the systems safely and retrieve
the final sample, returning the reactor to its
empty pumping down state.

1.4.1 Reactor conditions

Reactor parameters can be measured on
several devices such as the different range
pressure gauges, the forward and reverse power
gauges and the temperature from the system’s
pyrometer. This ensures a relatively consistent
set of conditions between runs. The system’s
spacer wire is also important as the thicker
the wire, the less contact between the substrate
holder and the cooling stage, so the temperature
of the sample is increased for lower input
microwave power. The pyrometer, if aligned
on the sample and set to the correct material
emissivity, provides a good estimate of the
temperature of the substrate but is liable to
moving. Masks may also interfere with its
operation, possibly leading to it not giving any
reading. “Recipes” for layers come primarily
from the ratio of gas flow rates into the
reactor. These input gasses are usually methane,
hydrogen and diborane though nitrogen and
oxygen can be used for particular applications.
Important to this project is the ratio of methane
to hydrogen gas molecules and the ratio of
diborane to methane molecules. Care must be
taken as the diborane gas cylinder is diluted to
100 ppm of diborane in hydrogen.

Small variations in parameters can rapidly
change the growth process. For instance,

the forward microwave power determines the
concentration of hydrogen ions in the plasma
and thus the rate of growth and, indirectly,
the layer quality. Increasing the methane to
hydrogen ratio has a similar effect, decreasing
it can lead to pits forming on the layer surface.
Substrate temperature and input microwave
power can also seemingly change the dominant
growth mechanism from homoepitaxial growth
to secondary nucleation in some experiments.

1.4.2 Sample preparation

Growth may be performed on many different
samples given correct preparations. Silicon
wafers can be manually abraded with fine
diamond powder to provide nucleation sites
or treated with an electrospray of diamond
nanoparticles. ~ Growing on materials other
than diamond presents challenges due to the
mismatch in thermal expansion coefficients of
the materials and lattice parameters, which
can lead to stresses, fractures and defects
forming during heating, cooling and growth
[38]. Growth conditions may also vary greatly
from substrate to substrate.

For single crystal growth, diamond substrates
are the most appropriate. These are generally
HPHT grown and polished. All substrates
for the microwave reactor are cleaned via an
acid wash to remove metal contaminants and
sonicated in acetone for 10 minutes to remove
any residues. One important precaution is the
use of gloves during handling and the use of
non-metal tweezers during transfer to avoid
contaminating or damaging the substrates.

1.5 Oxygen Terminations
and Metallisation

Metallisation for the placement of contacts was
done using an Edwards evaporator system.
This system allows for the loading of two
metal sources in the chamber simultaneously,
allowing for quicker deposition of the metal-
gold contacts desired. Prior to metallisation,
the surface needed treatment to become oxygen
terminated.

Two methods were possible: exposure to an



oxygen plasma or the use of a UV ozone
cleaner. The oxygen plasma would be provided
through a modified sputter coater, however this
method may lead to etching of the diamond
surface, possibly reducing layer quality. The
UV ozone cleaner on the other hand presents a
gentler method.

The device used was a Jelight UVO cleaner
(model No. 42A-220). Using UV lamps,
the device decomposes oxygen molecules and
synthesises them into ozone, which is then
further decomposed into activated oxygen
atoms. These activated atoms can then
oxidise the surface and react off any organic
contaminants. Samples are simply placed onto
the device’s tray, with the side of interest facing
up, and treated for 20 minutes. Samples should
now be ready for metallisation.

Figure 1.9: Photograph of the UV ozone cleaner
used.

The evaporator system generally begins
pumped down to high vacuum to prevent
contamination, so the device is brought back up
to room pressure and the shield and bell jar of
the device twisted off. From here metals can be
loaded, whilst wearing gloves:

 If using rod as the metal source, a coil
shaped filament is required.

* If using thin wire, bundle it into a ball and
place into a boat shaped filament.

Figure 1.10: Photograph of the evaporator
system. Loaded in the coiled filaments is gold
on the right and aluminium on the left.

When loading multiple metals, a barrier can be
placed between the source locations to prevent
contamination. The sample can then be placed
onto the stage, ensuring that there is direct
line of sight from the metal sources to it.
The sample should also be the same distance
from the sources as to the thickness monitor,
to ensure accurate thickness measurements.
Appropriate masks can then be placed on top
of the sample. The jar can then be replaced,
along with the shield, and the system pumped
down to operating pressure of 10~% mbar in two
stages: 1st a roughing pump down to 6.0 x 102
mbar or below, followed by the vacuum pump.
The pumping procedure takes approximately 2
hours. For the desorption of water, the stage can
be heated to 250°C 1 hour before coating.

To measure the thickness of the deposited



coating, a crystal-film thickness monitor is
used. Densities of deposited metals are entered
into the device. By measuring the change
in frequency of an oscillating quartz crystal
and comparing that to the inputted density,
an estimate for the thickness of the deposited
coating is outputted on the device’s display.
Deposition can now begin by selecting the
desired metal source and slowly increasing
the input power. This power must be
increased slowly as the source needs time
to heat to equilibrium. At high enough
power, the source metal will melt and wet the
filament. The source may start to sag during
operation, to prevent it falling the power can
be decreased and slowly increased again to
encourage wetting of the filament. At further
powers, the thickness monitor will begin to
show an increased thickness, a comfortable
rate of growth can then be established with
further power adjustments. As the device is
non-directional, metal will begin to coat the
bell jar as well. As the desired thickness is
approached, the power can be reduced and set
to 0 by pressing the “trip” button.

The chamber can then be slowly brought
back to room pressure (and cooled to room
temperature) and the newly coated samples
retrieved.

10



Chapter 2

Methods for Analysing Grown
Layers

Several methods are available for analysis of
layers such as Raman spectroscopy, imaging
with an optical microscope, utilising a scanning
electron microscope (SEM), 2-probe resistance
measurements and Hall/I-V measurements. The
following sections detail the principles behind
the techniques and their methods.

2.0.1 Raman Spectroscopy

A popular technique for diamond analysis due
to the material’s characteristic peak at 1332
cm~! [39], Raman spectroscopy is a technique
that relies on the inelastic scattering of laser
light in a sample [40]

For absorption of a photon to occur, the
new state (rotational/vibrational/electronic)
must exhibit a change in the molecule’s
polarizability, with the magnitude of the change
being proportional to the Raman scattering
[40, 39] This absorption leads to a Raman
shift of the photon’s frequency (and energy)
which can be measured by the spectrometer
alongside the scattering intensity to yield the
final spectrum.
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Figure 2.1:
spectrometer in use.

Photograph of the Raman
Samples are loaded
onto the stage, focused with visible light
then illuminated with laser light to take the
spectrum.

Important to this work is the technique’s
ability to discern several impurities in grown
layers such as graphite or boron dopant atoms.
The full width half maximum (FWHM) of the
diamond peak at 1332 cm™! is also regularly
used as an indicator of diamond layer quality;
a larger value indicates polycrystalline phases
and thus is of lower quality [39]. Another
effect is that the diamond peak is seen to
shift lower for increasing boron content [41],
a giveaway for approximately comparing boron
concentration in samples. The method for using
the Raman device is as follows:

1. Turn on the laser, for this project a green
laser with a wavelength of 514nm was
used.

2. In optical mode, place the sample on
the microscope carriage and begin moving
the stage up. The device possesses an
octagonal focus guide that comes into
sharp focus at the correct stage height.



3. Switch to laser light and begin adjusting
accumulation settings, the goal is to
maximise height without saturating the
collector.

4. Centre the collection at the diamond peak
(1332cm™1)

5. Collect the spectrum, store it as a csv
and transfer it to origin to fit Gaussian(s)
curves to the data.

6. Using the Gaussian fit, find the FWHM of
the data peak(s) and the peak positions.

2.0.2 Optical Microscopy

Several surface features are visible using
an optical microscope, allowing for quick
comparison between surfaces. This technique
can also provide hints to the growth
mechanisms present such as visible and
frequent “bumps” for secondary nucleation or a
relatively featureless surface for homoepitaxial
growth. Some colouration patterns can also
be visible; boron doped samples generally
appear darker at higher boron concentration
so that darker areas of the sample may hold
the greatest concentration of boron. It could
also be indicative of graphitic carbon or other
impurities.

In terms of method, the optical mode of the
Raman device was used, given the same steps
for 1 and 2 and the images taken with just a
phone camera, pointed down the view ports.

2.0.3 2-point Probe Resistance

Measurements

Although a trivial method, this technique
provides very quick feedback into the electrical
properties and thus possibly the dopant
concentration in a layer.  With increased
dopant concentration, more mobile carriers
are present in the sample at room temperature
so the conductivity should increase and the
resistivity decrease [23]. Note that this method
specifically measures resistance, thicker layers
will give smaller values by virtue of their
dimensions only, and not due to a decreasing
resistivity.  For like-to-like comparisons it
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is thus best to only compare samples of the
same dimensions, only with different known
thicknesses. The method is as follows:

1. Place sample onto the stage and move it
underneath the gold probes.

2. Using the camera for guidance and the
tuning knobs for accuracy, adjust the
probes until just touching the top of the
sample at the thin ends.

3. Move the probes toward the centre and
edge of the thin ends of the sample and
record the resistance.

Not all layers give sensible readings for this
technique (such as poorly doped layers) so only
the 1st digit and the order of magnitude was
needed for rough comparison. The apparatus
can also be used to find the I-V curve of the final
diodes by applying a small voltage across the
contacts and measuring the current produced.

Figure 2.2: Photograph of the 2-point probe
system in use. Probes are placed as far
away from contacts as possible to ensure equal
measurements between runs.

2.0.4 Scanning Electron Microscopy

Of the techniques, SEM by far has the greatest
resolution in real space. This technique allows
for um scale images of the surface (down to
nanometre scales on some devices), allowing
for determination of layer heights (on the order
of 1 to 10 ums) and visualising any surface
diamond grains.
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Figure 2.3: Diagram of a typical
SEM device’s setup. Attribution of
File:Schema MEB (it).svg: User:Steff,
modified by User:ARTEderivative
work  MarcoTolo, CC BY-SA 1.0

https://creativecommons.org/licenses/by-
sa/1.0, via Wikimedia Commons

For this technique, electrons are produced
generally through heating and thermionic
emission from an electron gun [42, 43]. These
electrons are focused using electromagnetic
lenses onto a sample in high vacuum. Electrons
in the sample are excited, emitted and detected.
These secondary electrons have small energies
on the order of 50 eV, giving a short mean
free path in the sample. This means that
most detected electrons are thus only from the
sample’s surface where now the topology of the
surface can be resolved [43]. The device can
then rasterise the whole target area, scanning
across it to output an image. Image brightness
is generally proportional to the electron energy,
so for more conductive parts of the sample,
it can appear brighter. This can also be the
case for sharp edges and corners, allowing
for visible depth in the image. For non-
conductive samples, impinging electrons may
charge the surface, leading to the imaged
target area getting brighter and brighter with
further scanning, reducing the contrast between
features. As all samples in this project should
be conducting to some degree, no sample
preparation is required though, the usual step is
to coat them in a very thin layer of conductive
material such as gold [43].

Typical usage as follows:

1. Choose samples to load, 7 at a time

NOTE:
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maximum, and load them onto conductive
carbon tape topped specimen stubs to be
placed onto the carousel.

2. Begin pumping down the chamber and
heating the electron gun.

3. Once ready for operation, set the position
to the first stub and focus to give a clearer
image.

4. Proceed to the sample’s sites of interest
(edge, corner, surface features). Reduce
the scanning speed and adjust the contrast
and brightness to give a clear image of the
feature. This image can then be saved.

If looking at the layer heights, move the
stage down and begin tilting it. Finding a
layer facet in the same plane as the image
is best. Take an image and use the scale to
give the facet height, correcting based on
tilt angle and facet angle to give the layer
height.

5. Other samples can then be examined,
though refocusing may be required.

2.0.5 The Van Der Pauw Method

Required for discussion of Hall measurement
techniques is the, commonly used in
conjunction, Van der Pauw method for finding
the sheet resistance and sheet carrier density
[44]. In this method, a simply connected
sample is connected to electrode at its corners
numbered 1,2,3,4 anticlockwise around the
sample. Two characteristic resistances of the
sample can be found, Ra=Vj3/Il12, Vi3 the
potential difference measured from 4 to 3 and
I;5 the DC current applied into 1 and out of
2, and Rp = Vi4/ls3 with similar definitions
for V14 and I55. These are related to the sheet
resistance R by

exp(—mR4/Rs) +exp(—mRp/Rs) =1 (2.1)

which then must be numerically solved for R;.
For known layer heights, the bulk resistivity,
p.can then be found as p = R.d where d is the
layer thickness [44].
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Figure 2.4: Diagram of contact placement
during Hall and Van der Pauw measurements
via NIST. As rectangular samples are used,
corner contacts provide the least error.

2.0.6 Hall Measurements

Hall measurements rely on the eponymous Hall
effect [45]. In a magnetic field, electrons (of
charge, ¢ = —e), with some velocity v, will
experience a force, F', given by the Lorentz
force: F' = qu x B. For electrons flowing as
a current within a perpendicular magnetic field,
this causes a charge imbalance across the width
of the conductor, creating a potential difference
known as the Hall voltage. This Hall voltage
Vg has magnitude equal to /B/(gqnd) where
I is the current, n is the bulk carrier density
and d the conductor thickness (parallel to B).
Alternatively, the sheet carrier density ng can be
used, n,= nd, giving [23]

ns = IB/(q|Val)

In the Van der Pauw setup up under a magnetic
field parallel to the film normal, Vy can be
found by applying a current to contact 3 to
1 and V; measured at the potential difference
V54. Thus, by using both methods, the bulk
carrier concentration can be found, allowing
for estimation of the dopant concentration.
Usefully, the sign on V under this setup will
reveal the majority carrier and so, the type of the
semiconducting layer. For p-type, V; should be
positive and for n-type, Vi should be negative.
Another important metric is the carrier mobility
found as

(2.2)

Wl
H="RIB ~ qnsR,

(2.3)
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which relates bulk carrier concentration to
conductivity [23] For Hall and Van der
Pauw measurements, a Ecopia Hall effect
measurement system was used (HMS-5000).
The operating procedure proceeds as follows:

1. Remove the stage from the device and
place into supporting structure.

2. Place sample, grown side up, onto the
stage and manoeuvre the electrodes to
the corners of the structure. Error is
proportional to the distance of the contact
from the respective corner of the device,
so these are placed as far into the corners
as possible.

3. Tighten down the contacts and return the
stage to the device.

4. Enter the layer’s thickness into the

connected software.

5. Measurements can now be started on
the software loaded onto the device’s
connected computer, applied current
and voltage ranges can be changed to
give a range of measurements; these
measurements should be concordant.

Coordinate

Py =Vyp System

.
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|\
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Figure 3

Figure 2.5: Diagram showing which corners the
voltage and current are applied and measured
between via NIST.

2.0.7 I-V Curve Measurements

I-V curve measurements allow for finding the
operating constraints of diode devices such as
breakdown and “knee” voltages. For an ohmic



device such as a resistor the current through the
component is expected to be the applied voltage
divided by the resistance of the component.
Diodes on the other hand exhibit a nonlinear
relationship. For a forward biased diode in
equilibrium, the Shockley diode equation states
that the diode current,

1%
Ip = Ig(exp<n‘2> —1)

where [ is the reverse bias saturation current,
Vp the voltage across the diode, V7 the thermal
voltage = kT'/e and n an ideality factor that
regularly varies from 1 to 2, though n = 1
is the ideal case [46, 24]. For component
resistance limited current, models generally
place a resistor in series with a device obeying
this diode law. By applying voltages in a
range greater than the thermal voltage (around
25mV at 300K), the curve should be seen
to rise. For reverse bias operation, some
minority carriers (such as electrons in p-type
materials) will be able to cross the depletion
region, giving a small, so called leakage current
[24] This leakage current will rise very slowly
with increasing reverse bias until a breakdown
voltage is reached [24]. At this point, small
increases in reverse bias led to large changes
in current as the rectifying nature of the
diode ceases. This behaviour is driven by
three main mechanisms: the Zener breakdown,
avalanche multiplication and tunnelling. Highly
doped materials generally experience Zener
breakdown where increased reverse bias leads
to a large magnitude electric field across the
physically thin depletion region. Large electric
fields can break down covalent bonds in the
material, releasing electron-hole pairs giving
rise to a rapid rise in reverse current [24] For
avalanche breakdown in less doped materials,
the depletion region is wider, giving a higher
breakdown voltage, so carriers crossing the
depletion region are accelerated greatly. These
carriers can then collide, breaking bonds and
creating electron-hole pairs. These new carriers
can likewise collide, giving an avalanche of
new carriers, giving a sharp increase in the
reverse current [24]. In tunneling, current
is able to tunnel through the thin but large
barrier, generally occurring for small band gap
materials and at higher temperatures [24]. The

(2.4)
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breakdown voltage can be changed through
diode design by introducing an undoped/very
lightly doped layer (an intrinsic/p- or n- layer),
effectively increasing the depletion region’s
width and lowering the max electric field
during regular operation, reducing the chance
of breakdown.

The Knee voltage of a diode is the voltage in
the forward direction where small increases in
voltage lead to much larger changes in current.
This is the voltage required to overcome the
built in field of the diode’s depletion region and
is a material specific parameter [24].



Chapter 3

Experimental Work

During the timeframe of this project, myself
and 2 other final year students were working
on the same reactor for different boron doped
diamond projects. This meant reactor time was
divided between us, though most work was
done in pairs to oversee each other’s methods
and to ensure that someone is always available
to keep watch during growth runs. We all shared
the similar first goal of growing a conductive
boron doped layer on single crystal diamond so
the following sections will feature some of their
results, with appropriate accreditation. This is
done to provide a fuller view of the process we
went through in finding an appropriate growth
procedure for the boron doped layers. Likewise
other lab users were also working to similar
goals at the time.

3.0.1 Getting accustomed to the
reactor system

The first task was to become familiar with
the microwave system and to establish what
conditions seen in literature were transferable
to this reactor. This began with a series
of induction and training sessions with Dr
Hugo Dominguez Andrade. Likewise, similar
inductions took place for different silicon
substrate nucleation methods and the Raman
system.

The microwave system controls gas flow into
the chamber using a series of mass flow
controllers that could be set to a range of values
with units of Standard cubic centimetres per
minute (sccm), as in the flowrate in cm®/min
under standard temperature and pressure. This
means the flow rates are proportional to the
concentrations of the gases in the chamber,
allowing for calculation of the methane to
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hydrogen ratio ([CH4]/[H2]) and the boron ratio
([BoHgl/[CH,4]) directly. The chamber was
generally operated in pressure ranges between
90 and 150 Torr, forward microwave power
between 1.25 and 1.9 kW and a total gas flow
rate of up to 1000 sccm.

For the first growth run, a manually abraded
silicon square was used. Following the
microwave procedure, the chamber was opened
and the 0.1mm spacer wire placed in followed
by the molybdenum holder and the sample.
Initially, 1.5kW and 150 Torr was tried as the
conditions, however this led to a temperature
over 1100°C, too high for diamond growth
on silicon, so the conditions were lessened to
1.20kW and 120 Torr to give a temperature of
1035°C. This was grown for 1 hour. After 30
minutes, the conditions had to be readjusted as
the forward power had drifted up to 1.23kW.
In all future runs, the reactor chamber was
readjusted at least twice an hour to prevent this
drifting during longer runs.

After one hour the sample was removed, and
by quickly checking under the Raman system,
was confirmed as giving the 1332 cm™! peak
implying the presence of diamond.

3.0.2 Working Towards Highly
Conductive Boron Doped
Layers

Below is a table of all the different trialled
conditions for growing boron doped layers
on (110) single crystal diamond substrates in
chronological order. Conductive layers are
layers with a measurable resistance and are
numbered for referencing later in the text.

When the samples first arrived in the lab,
conditions that have previously worked on
other single crystal substrates were tried.
These formed the initial 3 runs by Dr Hugo
Dominguez Andrade where a boron doped
layer was attempted to be grown underneath
a mask. The first two runs were viewed as
failures though 3rd run, layer (1), possessed
a measurable resistance of 130 k(). At a
[BoHg]/[CH4] ratio of 100ppm, more boron
could be added to the mixture to hopefully
lower the sample resistance. A notable feature
was that the grown layer featured a pitted



surface  when viewed under a microscope, varied to try to find a procedure for growing

expected to have been caused by the low (0.2%) a more conductive boron layer. However, the
[CH,4]/[H>] ratio of the run. methane ratio was increased to 1% for all future
These conditions provided the basis for future runs to reduce pitting.

runs where some growth parameters could be

Temperature Spacer wire Pressure Forward [CH4]/[H2] [B2H6]/[CH4] Time Conductive?
/°C diameter / mm / Torr power / kW / ppm / hours

9.23E+02 2.28E-01 1.20E+02 | 1.50E+00 4.35E-02 1.00E+02 1.00E+00 No

1.10E+03 2.28E-01 1.20E+02 | 1.20E+00 4.35E-02 1.00E+02 3.00E-01 No

1.10E+03 2.28E-01 1.00E+02 | 1.86E+00 2.00E-03 4.00E+01 1.00E+00 Yes (1)
8.70E+02 2.28E-01 1.20E+02 | 1.73E+00 9.88E-03 4.08E+01 2.00E+00 Yes (2)
1.08E+03 2.28E-01 1.20E+02 | 1.88E+00 1.02E-02 2.44E+02 1.00E+00 Yes (3)
8.70E+02 2.28E-01 1.00E+02 | 1.86E+00 1.01E-02 5.00E+02 1.00E+00 Yes (4)
1.09E+03 5.00E-01 95-100 1.35E+00 1.01E-02 6.67E+02 2.00E+00 Yes (5)
1.09E+03 5.00E-01 95-100 1.35E+00 1.01E-02 6.67E+02 4.00E+00 Yes (6)

Table 3.1: Growth runs conducted to find a procedure for growing Boron doped diamond on single
crystal (110) diamond substrates. I ran or assisted the growths of layers 2, 3, 4, 5 and 6.

3.0.3 Analysis of layers (2) and (3)

Layers (2) and (3) both appeared identical
and shared many similar results so are treated
simultaneously here. Layer (2) was grown with
the motivation of looking at lower temperature
conditions and layer (3) for higher pressure
conditions. This meant that layer (2) was
also grown at lower forward microwave power,
so the pressure was increased to somewhat
maintain the microwave power density.

Both samples produced from the growth Figure 3.1: 50x optical image of layer (3)’s
runs appeared identical to how they went in: surface. The surface is frequently spotted, a
colourless, clear samples. However, under the sign of non-homoepitaxial growth
optical microscope they revealed a frequent
pattern of bumps over their surface. Layer
(2) had a measurable resistance of 60 k{2 and
layer (3) a measurable resistance of 60-400

k(2. Given the greater resistance of layer (3) Both samples produced non-ohmic I-V
despite greater gas boron concentration, it could curves measured using the Hall measurement
be inferred that the increased microwave power kit with a clear bend around the 0 amp mark.
density reduced the uptake of boron or simply For the diode construction, an ohmic contact
hindered the growth. Achard et al. showed is attached to this layer so these would be
that increasing microwave power density can unacceptable for use in the diode structure,
decrease the doping efficiency during growth without even considering their very high
[28]. resistances.
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Figure 3.2: I-V curve produced by layer 3. The
curve is non-ohmic as it lacks proportionality.

Attempts were made to take SEM images
of the surfaces to visualise the bumps seen
under the optical microscope however this
proved a challenge due to the low conductivity
of the samples and thus their tendency to
charge during imaging. One image of
layer (2)’s surface shows several black spots,
around 1-5 pms in diameter, possibly spots
of undoped diamond that have grown through
recrystallisation on the surface during the run.
Visible on the samples is a bright frame running
along the edges, possibly an area with greater
boron uptake than the rest of the sample. This
framing effect does seem to be present in all
microwave grown boron doped layers.

SEM MAG: 67 x
SEM MAG: 67 x

SEM MAG: 67 x
SEM MAG: 67 x

Figure 3.3: Zoomed out SEM image of layer 3.
Around the edges, a bright frame is visible.

SEM MAG: 705 x
SEM MAG: 705 x

SEM MAG: 705 x | |
SEM MAG: 705 x | 100 pm

VEGA3 TESCAN
Bristol Physics Teaching Labs

Figure 3.4: Zoomed in SEM image of layer
3. Notably, a number of black spots dot the
surface, possibly the areas that form the bumps
under the optical images.

Unfortunately, Raman spectra of the different
samples were not very helpful. For all examined
samples, a strong 1332 cm™! peak was seen
with no change in horizontal position or width,
implying the spectra was only of the substrate
and not the grown layer. This issue remained
unresolved during the project.

3.0.4 Overview of Layer (4)

Layer (4) continues to look at the effect of
temperature and forward power on the grown
layers. This run lowered the temperature and
pressure whilst keeping relatively high forward
microwave power and increasing boron content.
The hope was to improve upon layer 2 with
10 times the boron concentration in the gas
mixture however results showed only a mild
improvement with the sample only halving the
resistance down to 30k(2.

3.0.5 Analysis of layers (5) and (6)

(5) and (6) were grown using near identical
conditions with the main difference being
that (6) was grown the next day with a 4-
hour growth run to try and improve upon the
resistance measurements of (5). During the
growth of (6) a second substrate was also
present with a silicon mask covering a square
section of the substrate. This was done to allow



for analysis of layer heights and to establish
masking methods required when growing the
intrinsic layer.

To probe the low microwave density region of
parameter space further, forward power must
be decreased. This, however, would lead to low
substrate temperatures that would make growth
infeasible. To remedy this, the spacer wire
was swapped for one of near double thickness.
This reduced the substrate holder’s contact with
the cooling stage, giving a higher equilibrium
temperature. As temperature seemed to have
little effect so far, a high temperature was
targeted for these runs.

SEM MAG: 825 x
SEM MAG: 825 x

SEM MAG: 825 x VEGA3 TESCAN

SEM MAG: 825 x 100 pm Bristol Physics Teaching Labs|

Figure 3.5: SEM image of layer (6), visible
on this image is the conductive frame running
around the edges of the sample

Immediately after retrieval from the reactor
it was clear that the grown layers were
different to before as they now took on a dark
blue appearance. Measuring the two-probe
resistance of layer (5) yielded a resistance of
3.91 k€2 and for the thicker layer (6) 1.7 k2, a
significant reduction in resistance.
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Figure 3.6: 50x optical image of layer (6)’s
surface. Features only small clusters of spots
and thus is a lot smoother.

Visible around the edges of layer (6) was a
dark frame. It is expected that for closer probes,
the resistance would be less as the current
needs to flow through less resistive material.
However, by moving the probe through this
frame, larger probe distances gave smaller
resistance values. This implies that this frame
had much higher conductivity than the rest
of the layer, and given its darker appearance,
possibly a higher concentration of boron.

SEM MAG: 2.15 kx
SEM MAG: 2.15 kx

SEM MAG: 2.15 kx
SEM MAG: 2.15kx 20 pm
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Figure 3.7: SEM image used to determine the
height of layer (6), image of the masked sample.
Image was taken at 45°off of the (110) surface.



Under the optical microscope, layer (6) had
a significantly reduced number of bumps on its
surface and these bumps were now localised
into clusters. This was further shown in SEM
images that present a very smooth surface. On
the masked sample, SEM images show facets at
45 degrees to the (110) plane along the edges
though only this sample shows them on one
edge. Other edges and samples instead show
overgrowth. The height of the facet from the
masked layer (6) sample was measured with
the plane of the camera parallel as 8.3 ums
using the scale on the SEM. Assuming this as
the hypotenuse for a 45-degree isosceles right
triangle, this gives a layer height of 5.9 ums for
the 4-hour growth or approximately 1.5 umh~!.

1-V 1-RCurve Tracer

"RESULT DATA

Figure 3.8: I-V curve of layer (6). Shows much
more linear character than previously grown
layers.

Hall measurements were also conducted
on the unmasked layer (6) sample. Using
the device’s I-V mode, an ohmic curve was
produced for each pair of corners. Using the
layer height from above, Hall measurements
were conducted on the unmasked layer (6) and
important electrical characteristics tabulated in
table 3.2. The readings are somewhat muddled
as the sign of the sheet conductivity is flipped
for the third row, implying n-type doping. This
is extremely unlikely given the sole use of
boron as a dopant and that the other readings
all imply p-type. Definitive values for bulk
carrier concentration are difficult to ascertain
due to the variance in the data but are clearly of
the magnitude of just over 10 carriers cm™3.
This concentration is assumed to be roughly
that of boron atoms in the layer, though is
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most likely an underestimate. As a check,
the resistivity here provides some agreement
with the resistance measured on the two-probe
device if the layer is assumed to have a
resistance per unit length of the resistivity /
(thickness * width) where the width is 0.3cm
and the length 0.6cm. This lowest resistance
scenario gives about 600 2, around a third of
the measured value.

3.0.6 Analysis of a hot filament
grown layer

To provide a comparison to other CVD
methods, a typical conductive boron doped
layer was grown on the same kind of substrates
by Mr Ramiz Zulkharnay on the hot filament
reactor system. These layers are generally
characterised by being thinner, usually 2-3
ums but are generally less resistive than similar
samples grown on other systems.

Figure 3.9:
filament grown p-layer. Large spots can be seen
on the surface, likely from pits.

50x optical image of the hot

With a two-point probe analysis of the layer,
a resistance of 600 ) was measured, less than
half of that measured for layer (6).
Under the optical microscope, the HF grown
layer featured wide marks, possibly pits or
nucleation sites, but otherwise was similarly
smooth in appearance to layer (6). Notably, the
sample sees a pattern on its surface of a dark



interior, a lighter section and a dark border.
Compared to layer (6), the sample is much
darker in this central region but approximately
similar in tone for the light section. The sample
also features a prominent scar that was not
removable through the acetone wash method.
SEM images of the sample were taken
from presumably its underside, showing the
polishing pattern left during production of the
substrate. This image provides a good estimate
for the layer height at approximately 2.6 pums,
similar to previous heights achieved on the HF
system.

SEM MAG: 5.38 kx
SEM MAG: 5.38 kx

SEM MAG: 5.38 kx
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Figure 3.10: SEM image of the hot filament
grown p-layer. Most likely the underside,
the width of the light region is taken as a
conservative estimate for the layer height.

The HF grown layer was also subjected
to an I-V curve measurement on the Hall
device, showing a similarly ohmic line to
layer (6) but with a smaller gradient. Here
the gradient is proportional to the resistance,
confirming the two-point probe’s lower
resistance measurement.  The HF sample
featured a greater percentage difference in its
minimum and maximum gradients going from
300 €2 to 650 €2, a 117% increase, compared to
a rise from 1250 to 2000 (2, a rise of 60%.

Using the layer height above and the hall
measurement system, the bulk resistivity was
found as approximately 7x10~2 Qcm compared
to layer (6)’s 1.8x10~! Qcm, again less than
half. This is also means that the HF sample
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has approximately double the conductivity of
layer (6). During Hall measurements the sheet
conductivity measurements would regularly be
negative for small currents, tabulated in table
3.2 are the found values at a number of
input currents. Notably, the values for sheet
conductivity are approximately the same for
both layers along with the Hall mobility. This
is possibly due to the probe placement on the
samples being on top of layer (6)’s frame and
thus providing a more conductive pathway for
that sample than the two-point measurement
would have suggested. @ The bulk carrier
concentrations of the two layers also appear
broadly similar to each other.

=

Figure 3.11: Photo of the 3 samples grown:
bottom left is the hot filament sample, top
is layer (6) and bottom right is the masked
layer (6) sample. Notice how much darker
the hot filament sample is, implying a greater
concentration of boron.
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Figure 3.12: I-V curves of the hot filament

grown p-layer.

I Sheet Conc. Bulk Conc. Sheet Resistance Bulk Resistivity ~ Hall mobility
/A /cm™2 /cm™3 / ohm / ohm cm /em? V=gt
5.00E-03 | 1.43E+16 2.43E+19 2.79E+02 1.64E-01 1.56E+00
1.00E-03 | 5.14E+16 8.72E+19 2.84E+02 1.67E-01 4.28E-01
5.00E-04 | -1.72E+16 | -2.92E+19 3.14E+02 1.85E-01 -1.16E+00
5.00E-04 | 1.51E+16 2.56E+19 3.13E+02 1.85E-01 1.32E+00
5.00E-04 | -5.93E+16 | -2.28E+20 1.04E-01 2.69E-05 -1.02E+03
2.00E-03 | 4.67E+16 1.79E+20 3.05E+02 7.92E-02 4.40E-01
2.00E-03 | -1.01E+16 | -3.88E+19 3.05E+02 7.92E-02 -2.04E+00
2.00E-03 | 5.63E+15 2.16E+19 3.05E+02 7.92E-02 3.65E+00
1.00E-03 | 1.04E+16 3.98E+19 2.71E+02 7.04E-02 2.23E+00

Table 3.2: Hall measurement data for layer (6) in white and the hot filament grown layer in grey. Both
show similar bulk carrier concentrations but the HF layer has approximately half the bulk resistivity.

3.0.7 Growing the Intrinsic Layer

Now with appropriate boron doped layers, the
intrinsic layer can be grown on top. This
required a mask to allow for some exposed
p-layer to remain for contact placement.
Previously for layer (6) a small piece of
silicon wafer was used as a mask however
this introduced a couple problems. First is
that manoeuvring a small piece of silicon over
the required area is difficult without moving
the underlying substrates out of the centre of
the chamber. To remedy this, a molybdenum
substrate holder had two spaces milled out of it
to place the layer (6) and HF grown samples in
together. Now the substrates wont shift during
mask placement and the mask can lie flush with
the layer-top of the holder plane. To mask the
samples, a long, thin piece of silicon was placed
onto one end of the samples covering around 1-
2 mm. To ensure similar i-layers, both samples
were grown on simultaneously.
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How to grow an i-layer is not a straightforward
process. The chamber is contaminated with
boron so any samples will be lightly doped
during growth. Additional gases such as oxygen
and nitrogen can be used in the plasma to react
away the boron but it’s unknown how these
would affect the growth of the layer itself.
Given time constraints, it was decided to go
ahead with a solely methane and hydrogen mix
as there would not be enough time to produce
more layers after the current samples had been
metallised and examined.

Before growth the usual tungsten spacer wire
had snapped so was replaced however, it was
unclear if the new wire was of the same
thickness. = The pyrometer for the system
had also become misaligned meaning that
temperature measurements were not possible
during the growth, compounding the new wire’s
problems.

For the growth, similar conditions were used as



normal with a power of 1.25 kW, pressure of
90 Torr and a methane content of 1% in the gas
mixture. This layer was grown for 2 hours so
was assumed to have a thickness of 3 pums.

3.0.8 Analysis of the intrinsic layer

Both grown intrinsic layers had similar end-to-
end resistances measured on the 2-probe system
of around 100 k{2, though given that the layer
lies on a much less resistive layer, this is not
comparable to layers solely grown on the single
crystal substrates.

Visually, the section covered in the I layer
appeared darker with the microwave dark-frame
visible on both samples. Using the optical
microscope, both samples appeared like their
respective under layers. A clear border can
be seen between the masked and unmasked
regions.

Samples were only imaged on the SEM after
oxygen terminations and metallisation, so it’s
unclear which features are owed to which step.
A clear border can again be seen in tone
between the masked and unmasked regions but
no physical step in height is present. A step
would be unlikely given that the cleaved silicon
wafer would not have provided a perfectly flat
and flush surface for masking. The layer (6)
sample appears to feature some pitting toward
one edge though otherwise the grown layers are
featureless, similar to layer (6)’s SEM images.

SEM MAG: 1.69 kx
SEM MAG: 1.69 kx

SEM MAG: 1.69 kx VEGA3 TESCAN

SEM MAG: 1.69 kx 50 pm Bristol Physics Teaching Labs|

Figure 3.13: SEM image of the microwave
grown sample’s i-layer. Pitting appears present
in the top right hand quadrant of the image.
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3.0.9 Preparation for Metallisation

For proper adhesion to the diamond surface,
the diamond must be oxygen terminated.
As discussed in the section on oxygen
terminations, a UV ozone cleaner was chosen
for this role as it provides a gentler procedure.
With 20 minutes of exposure, the surface is
expected to possess a single monolayer of
oxygen atoms coordinated randomly between
the ketone and ether arrangements.

3.0.10 Metallisation

To provide the contacts for the diode, more
masks are required. The ohmic contact is the
easiest in this regard, it can just reuse a similar
silicon wafer mask to that used in the growth of
the i-layer, but instead leaving only the p-layer
exposed. By loading thin nichrome wire into a
boat filament for metal source 1 and gold rod
into a coiled filament for metal source 2, the
system was ready for metallisation. 10.2 nm of
nichrome was deposited followed by 99.9 nm of
gold. The nichrome wire used was Goodfellow
80:20 (nickel : chromium) wire however during
evaporation, the stoichiometry of the metals
may have changed. The gold rod was 99.999%
purity from Alfa Aesar.

For the second contact, a small central contact
was desired. If the contact were to go toward
the edges, it may overlap with the dark frame
on the samples, possibly shorting the diode. For
this, a rectangular piece with a smaller rectangle
cut out was used. Source 2 remained the same
though source 1 was swapped with Goodfellow
99.5% purity aluminium wire. Unlike the
previous mask, this deposition had shadowing
effects owing to the edges of the mask blocking
some of the sample from the metal source on
either side. The nichrome layer was deposited
to a thickness of 10.2nm and the gold layer to
99.2 nm.

Density of materials was taken as 19.32 g/cm
for gold, 8.40 g/cm for the nichrome and 2.70
g/cm for the aluminium.



Figure 3.14: 10x zoom optical image of the hot
filament grown diode’s ohmic contact. Notice
that the contact appears to lie wholely on the
exposed p-layer as desired.

The final contacts were all satisfactorily
placed: The ohmic contact ended before the
colour change on the surface, confirmed with
an optical microscope and the Schottky contact
appeared to be placed centrally enough to avoid
the dark frame on the i-layer.
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Figure 3.15:
immediately after metallisation.
the hot filament grown diode and below the
microwave grown diode.

Photo of the diodes diode
Above is

3.0.11 Characteristics of produced
devices

Both devices were placed onto the 2 point-
probe stage which had recently been modified
to allow for I-V curves to be produced. The
applied voltage range was set to -5.00x1072 to
5.00x1072 V to avoid saturating the multimeter.
The program on the system then stepped in
sizes of 1x1073 V, taking 10 measurements
for each applied voltage. All these points are
then plotted to produce figure 3.16. For both
devices, the current measured at each step was
concordant for all 10 readings.

Looking at the produced curves, it becomes



quickly obvious that they are not rectifying
and are in fact near perfect straight-line
graphs. They possess a squared R value of 1
implying no deviation or inflection that would
be expected for diodes. The gradient of these
lines is proportional to the conductivity and thus
the reciprocal of the resistance for the devices.
Strangely, the microwave grown device based
on layer (6) has the lower resistance of 555.6
) compared to the hot filament increased
resistance of 3333.3 (2. Given the pseudo
vertical structure, a different resistance to the
original two probe measurements makes sense

but for one to increase and the other decrease
points to some interesting being phenomena at
play.

Both diodes were imaged using SEM and
showed relatively featureless, flat surfaces with
possibly some pitting on the top surface (as
mentioned in the intrinsic layer section) maybe
caused by the ozone treatment or created during
growth of the i-layer. Visible on the contacts are
scratch marks caused by the I-V measurement
probes sharp ends. It appears on the ohmic
contact of the microwave sample that this
scratching has exposed a portion of the p-layer.

Current-Voltage curves for grown devices
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Figure 3.16: Resultant I-V curves of the two diodes. They show a completely linear relationship in
this range, chosen as larger voltages saturated the ammeter.
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Chapter 4

Discussion, Conclusion and
Extensions

With the steps taken, a rectifying diode was
expected. The following sections will examine
the assumptions and problems with individual
steps in the method, to attempt to explain
the discrepancy in behaviour. Given that two
different p-layers both gave the same ohmic
result, the error is assumed to lie in the i-layer
or with the contacts.

4.0.1 Different properties of oxygen
terminated, (110) orientated
diamond

As mentioned previously, different crystallographic

orientations have different electron affinities
and work functions, especially when
functionalised, in this case with oxygen. No
exact values are available precisely for these
parameters on (110) so it was approximated that
these matched with (100) diamond. Therefore,
the Schottky barrier height for the aluminium
contact was assumed to be about 1.16 eV
[33]. It could be that the barrier height is
smaller for (110) orientated diamond, lowering
the rectification ratio and producing an ohmic
shaped I-V curve or even that the difference
between the metal work function and electron
affinity is greater than the semiconductor band
gap, eliminating the barrier.

4.0.2 Small depletion region width

For an ohmic I-V curve to be produced, one
possibility is that the device must be operating
with a depletion region width too small to
maintain the built in potential of the junction,
given the critical electric field strength of the
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material. Diamond possesses a very large value
of 7.7 to 20 MV cm™}, so only a small i-layer
was utilised in the design. Given the applied
voltage was at most 50 mV, any depletion region
width over 6.5x107'" m would operate without
field breakdown. Of course, at this scale
tunnelling would dominate [24]. The dopant
concentration in the i-layer was not estimated,
so direct calculation of the depletion region
width is not possible. Assuming a worst-case
scenario where the dielectric constant of the
material (e,) is that of a vacuum (8.85x10!2
Fm~1), the dopant concentration (Np) equal to
the carrier concentration of the p-layer (3x10'"
cm~?) and built in potential (¢/4;) just the barrier
height minus the acceptor level (1.16 - 0.37 eV),
an estimate can be made by [24]:

2€

Wp = \/qND <wbz V VT) (41)
This value comes out as 3 nm, small enough to
give this theory credit. Unintentional doping
levels around 10*° to 10'® cm™ would push
the width to 400 nm, suitable for a diode. If
the i-layer featured more dopants than expected,
this could explain the ohmic nature of the I-V
curves.

4.0.3 Poor contact at the junctions

Discontinuity at the Schottky contact interface
can lead to a change in the Schottky barrier
height. To match the Fermi levels of the metal
and semiconductor, charge must be transferred
based on the electronegativities of both
materials. This transfer produces the dipole
responsible for the Schottky barrier height. For
small enough contact sizes, tunnelling rather
than usual conduction, dominates through this
barrier [47]. This can lead to fully ohmic
appearing [-V curves for very small contact
sizes. Given the pitting visible on the i-layer
in the SEM images, it may be possible that
the junction is discontinuous and thus is only
contacting over small areas. The surface pits
appear to be small and somewhat regularly
spaced with maximum radii on the order of
1 um. Given the results of this work examining
the effects of small contacts on Schottky
devices [47], it seems that such dimensions



are too large in this case. One note is that
the contacts were readily scraped away by the
I-V curve probes, showing low adhesion to
the diamond surface, perhaps indicative of a
discontinuous surface.

4.0.4 Piercing of the Contacts by
the Probes

With the probes being able to scrape away
contact material, it’s possible that the junction
was formed between the p-layer/i-layer and
the probe metal rather than the expected
deposited contact metals. Multiple runs of I-
V measurements were taken at differing probe
angles, but they all yielded the same, most
likely ruling out this possibility. Even with the
gold probes, a Schottky barrier height of 0.98
eV [33] would be expected for the O-terminated
boron doped diamond, which can be expected to
influence the I-V curve.
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1 mm

Figure 4.1: SEM plan image of the microwave
grown diode. Notice the scratch marks present
on the right ohmic contact from the I-V probes.

4.0.5 Tests and Treatments for
Identified Problems

One possibility was that the assumption that the
(110) diamond closely tracked the properties of
the (100) diamond was incorrect. To account
for this, further study of the (110) orientation is
required such as determining its work function,
electron affinity and its Schottky barrier with
different contact metals. The first two can
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be found through photoemission spectroscopy
and inverse photoemission spectroscopy [23]
though the latter requires a successful Schottky
contact to determine.

A similar possibility is that the surface may not
have been fully oxygen terminated by the UV
ozone treatment. A technique such as x-ray
photoelectron spectroscopy [23] can be utilised
to find the elemental composition of adsorbates
on the surface. It would also be useful to try
alternate treatment times and techniques, such
as O2 plasma, to determine the different effects
on the surface.

Another identified cause of failure was the
possibility of an over doped i-layer. The first
test could be to conduct hall measurements
on an identically grown layer on an insulating
substrate.  This could ascertain the dopant
concentration, allowing for comparison to
the desirable range of 10%-10'6 cm™3.
This test may not produce useful results
given the resistive nature of the i-layer so
another technique such as secondary ion mass
spectrometry can be used to determine this [48].
If the concentration of boron was higher than
expected, oxygen and/or nitrogen additions
could be explored to remove dopant atoms.
The contacts themselves could be edited. One
possibility is applying a silver paint to the
contacts and bonding some wires to the device.
This has the benefit of removing the sharp
probes though it only acts to confirm whether
the scraping was affecting measurements.
Another option is the use of identical diamond
layers but this time depositing a smaller, central
Schottky contact. Given that the frame of more
conductive material lies around the edge on the
grown i-layer, a smaller contact will reduce the
effective dopant concentration at the interface,
possibly improving the diode. Similarly, a
different mask could be used when growing
the i-layer to give a larger exposed region for
the p-layer, ensuring the current flows through
the device in the expected arrangement.

4.1 Conclusion

In this work, a method for reproducibly
growing conductive boron doped diamond
layers on (110) orientated single crystal



substrates was found using microwave plasma
assisted chemical vapour deposition.  This
method was then used to grow the p-type
layer in a Schottky diode for comparison to
similar boron doped layers produced by hot
filament chemical vapour deposition. On top
of these two p-type layers, an unintentionally
doped diamond intrinsic layer was grown using
MWCVD over a mask and then the surface
oxygen terminated using ozone UV treatment.
The treated layers were then metallised:
nichrome/gold for the ohmic contact on the
exposed p-layer and aluminium/gold for the
Schottky contact on the i-layer. The I-
V characteristics for the device were tested,
demonstrating an ohmic behaviour. Given the
different p-layers yet similar results, it was
assumed that the device’s defect lied in its i-
layer or metal contacts. It was reasoned that this
could be caused by over doping of the i-layer,
leading to a thin depletion region and thus little
rectification, poor contact at the junctions due
to surface defects such as pits or by incorrectly
assuming similar work functions and electron
affinities between the (110) diamond and the
more typical (100) diamond.

4.2 Possible Extensions

The purpose of this work is to work towards
betavoltaic devices that be grown with
the radiation source implanted within the
materials.  Although possible using typical
MWCVD, gases of particular radioactive
isotopes run through the system would become
contaminated at the exhaust, making gas
recycling difficult. A system that can provide
growth using static flow conditions would thus
be preferred. Such techniques exist such as
those described in [49], so a useful extension
would be the adaptation of the experiment
procedure to those kinds of systems.
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As described in the section discussing treatment
of problems during production, several analysis
techniques could be applied at different stages
to better provide a picture of development.
Chief among these is secondary ion mass
spectrometry, or SIMS, which can identify the
boron concentration within the grown layers
[48]. This would allow for comparison vs the
bulk carrier concentration found using Hall
measurements to more accurately determine
dopant concentration. Doing so is necessary for
exploring less doped layers such as the i-layer.
Another useful technique to get functioning
is Raman spectroscopy. Although tried, the
system only seemed to focus on the substrate
rather than the grown layer, providing identical
peaks for each sample. With functional spectra,
diamond quality in the grown layers can be
better compared, such as in the FWHM of the
diamond 1332 cm~! peak or by the presence of
graphitic peaks.

Due to its relative simplicity, a pseudo vertical
structure was adopted for the diode device. A
truly vertical structure with an ohmic contact/p-
layer/i-layer/Schottky contact structure could
provide an interesting comparison. This would
require different substrates for growth or a
method for producing free standing diamond
films.

Finally, due to time constraints only one
procedure for growing conductive boron doped
layers was found. Specifically, 1% methane
content was maintained throughout all runs and
could be increased. Doing so may increase
the growth rate, useful in reducing necessary
growth times, reduce effects like pitting on
the surface but may also reduce diamond
quality.  Likewise other additives such as
oxygen and nitrogen should be explored to
better understand the magnitude of their impact
on boron concentration and layer quality in the
device.
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